7 Li is studied within a dicluster α + t picture. Different observables obtained within our simple model are compared with previous calculations and experiments showing good agreement. In particular we calculate dipole and quadrupole electromagnetic response to the continuum. The energy distribution of B(Eλ) values are consistent with the energy weighted molecular sum rule and display a sizable contribution of non-resonant character arising from the weak binding property. The corresponding form factors for excitations to the continuum are used in a semiclassical coupled channel scheme to get estimates for the break-up cross section in a heavy ion reaction. The nuclear contribution is found to play an important role in the process for bombarding energies around the Coulomb barrier. The masses and charges ratios of the two clusters are shown to lead to features of the cluster halo that may significantly differ from the one usually associated with one-nucleon haloes.
Introduction
A distinctive feature of nuclear systems along the neutron drip-line is the concentration of multipole strength at excitation energies just above the continuum threshold. This concentration of strength (mainly of dipole or quadrupole nature) is directly measured in breakup reactions, but it has strong dynamical effects also on other processes, such as elastic scattering or sub-barrier fusion reactions. It has been proved that this peculiar feature is associated with the weakly bound nature of most nuclei at the drip-line ( [1, 2, 3, 4, 5] ). Within a di-cluster description of a weaklybound nucleus (where in the simplest case one of the clusters may be a single nucleon) the quantum state that describes the system lies very close to the threshold for separation into the two subsystems. The wavefunction for the relative motion associated with such a state (and hence its distribution of matter) extends to large radii, spreading far outside the walls of the intercluster potential well (this is valid already at the level of a square well potential, and it is even more evident for a realistic potential with a diffused surface). This establishes the opportunity to set a matching between the bound wave function and some scattering state in the (low-lying) continuum whose typical wavelength roughly corresponds to the spatial extension of the bound state wavefunction. As a consequence the resulting electromagnetic response shows a marked concentration of strength in the threshold region at an excitation energy directly correlated to the binding energy. With the specific scaling that depends on the angular momentum of the initial state, as well as on the neutron or proton character of the halo state, the energy corresponding to the maximum of the strength distribution follows approximately a linear behaviour on the binding energy [6] , while the total dipole strength at the threshold depends approximatively on the inverse of the binding energy and tends therefore to magnify its effects as one approaches the drip-lines.
The picture outlined above finds its simplest application in the case of single particle haloes [7, 1] , where, in a mean field approach, it is the last unpaired nucleon that is responsible for the halo distribution, but it can be extended to the case of light weakly-bound dicluster nuclei to describe excitations to continuum states that lead to cluster breakup. A number of experiments have been pursued in recent years, for instance, on the study of break-up of Li isotopes [8, 9, 10, 11] . We will take as a paradigmatic example the case of the nucleus 7 Li, whose ground state is well described in terms of interacting α and triton clusters, which characterize the lowest continuum threshold (at 2.467 MeV). The basic necessary assumption is that the excited states, both bound and unbound, are also described within the same dicluster picture, assuming the two clusters to be frozen. The excitation process is therefore reduced to a transition in the wave function describing the cluster-cluster relative motion.
This simple model for the threshold strength is modified when the system displays, in the low-energy continuum, true resonant states in addition to the non-resonant part. This is for example precisely the case of 7 Li which has the 7/2 − and 5/2 − states at 4.652 MeV and 6.604
MeV respectively. Within the cluster picture these states correspond to narrow resonances in the relative motion with angular momentum ℓ = 3. Ad hoc formalisms, which only include either the resonances or the non-resonant continuum, may therefore be inadequate to describe the full process. In a proper treatment of the response to the continuum both resonant and non-resonant contributions arise in a natural way and may have comparable strengths. As an example of such an approach we recall the recent work of Kelly and collaborators [8] , who analyzed experimental data within a CDCC approach [12] , in which the continuum is discretized. The binning of the continuum is however not optimal due to computational limitations, a problem that as we will see, is not present in our model. CDCC calculations usually consider only a few energy bins in the relevant low-energy region, while our approach can easily accomodate for thousands of bins in the same energy range. Other CDCC calculations for 7 Li breakup are found in Ref. [13] .
In our calculation, the form factors for excitations to the continuum have been used in a semiclassical coupled channel scheme to get estimates for the break-up cross section. As an example we have chosen the specific reaction 7 Li+ 165 Ho for which subbarrier fusion data are available and for which estimates of break-up probabilities are important for the interpretation of the data [14] . Since there are indications that the nuclear field play a non-negligible role [15] , both Coulomb and nuclear contributions are included and their relative importance is analyzed. The nonresonant contribution to the cross section is found to provide a sizable fraction of the total cross section. Due to the strong nuclear component, the quadrupole break-up process is predicted to dominate over the dipole. Since optical parameters for holmium are not available, we have also tested our model against other calculations [8] for the reaction 7 Li + 208 Pb, finding good agreement.
Dicluster description of 7 Li
Walliser and Fliessbach [16] discuss a cluster picture for 7 Li, in which the constituents of the nucleus (the α and t particles) are treated as elementary, that is without internal structure, but not necessarily point-like. They obtain considerable agreement with experimental data and we conform, in principle, to their model. The main difference is the choice of the potential to be used to determine the relative motion of the cluster. In similarity with the usual single-particle case, our effective α − t potential
contains, besides the coulomb repulsion (corrected at small distances for the sphericity of charge distributions), the nuclear attractive potential (assumed of simple WoodsSaxon form) and the spin-orbit term [17] . the t cluster has spin 1 2 . The angular momentum coupling between the ℓ = 1 relative motion and the spin of the triton provides the total angular momenta (
− for the ground states with energy −2.467 MeV and (
− for the first excited state at −1.989 MeV [18] (Energies are measured with respect to the α − t break-up threshold). The resulting wave functions for the ground state and for the first excited state are in a qualitative agreement with the ones obtained in the paper of Wallisser and Fliessbach (for example the radial node occurs at the same point).
In spite of its simplicity, this model for 7 Li is nevertheless capable of a good agreement with experimental observations, as witnessed by the list of observables in Table 1 . Evaluation of charge radius, electric and matter quadrupole moments, B(E2) and B(M 1) values for transitions between the ground state and the first excited state are reported. These quantities, except the two width, are calculated accordingly to the prescriptions given in Ref. [16] . These observables are very sensitive to the particular shape of the wavefunctions and therefore provide a reliability test for our approach as far as bound states are concerned. In the same table we also compare our findings with previous calculations. The last two rows in the table refer to the widths of the two f 7/2 and f 5/2 resonances which are given with the purpose to show that this model gives also sensible predictions for the continuum states.
Electromagnetic response
We now apply the dicluster picture to the calculation of electromagnetic response for the transitions to continuum states. In this scheme all the features of the transition are ascribed to the modification of the wavefunctions describing the relative motion. The clusters are in fact assumed to be frozen in this picture, and their intrinsic wavefunctions are not modified by the electromagnetic operators. The multipole operator may be written as a sum of operators that act on different degrees of freedom. Since there is no rearrangement of the intrinsic structure of the two clusters the corresponding parts will not contribute to the B(Eλ). The strength distribution for the transition from an initial state of the intrinsic motion with wavefunction ψ nili (r) and quantum numbers n i , l i , j i to a different final state (either bound or unbound) with wavefunction ψ n f l f (r) and quantum numbers n f , l f , j f may be written as
2) whereĵ = (2j + 1) 1/2 and the effective charge is defined as e λ = Z cl (A co /A) λ + Z co (−A cl /A) λ and the subscripts cl and co refer to the cluster (the one with a nonzero intrinsic angular momentum) and the core (the one with a null intrinsic angular momentum). When the final state is in the continuum, its wavefunction also depends on E C . Starting from the ground state (with p character) we have investigated electric dipole transitions to s and d states as well as quadrupole transitions to p and f states. The corresponding differential transition probabilities are shown in figs. (1) . In the former case the scattering states for even multipolarities have been calculated with the same potential that has been used to generate the bound states. In the latter case the same parameters have been used for the p-wave continuum, while for the f −wave modified Woods-Saxon (V W S = −68.255) and spin-orbit (V ls = 3.115) potentials have been used to yield the 7/2 − and 5/2 − resonant states in the excitation spectrum at the correct energy. With this choice the widths of these two states have been found in reasonable agreement with experimental observations as shown in the last part of table 1, without the need for further adjustments. Besides this resonant strength we observed a concentration of strength of non-resonant character at the separation threshold, solely due to the weakly-bound nature of the 7 Li nucleus. This strength is small for multipolarities that have a resonance in the low-lying continuum, but it is sizable when there are no resonances (as in the p cases).
We have compared our calculated values with the predictions of the energy weighted sum rules as well as of the energy weighted molecular sum rules (EWMSR) [23, 24] , also called AGB sum rule, that are particularly useful for molecular-like structures. In light nuclei enhanced E1 transitions have been observed for which B(E1) values may still be very small in comparison with single-particle estimates. EWMSR have been introduced as a measure for these transitions and in the cases of dipole and quadrupole they read:
3) and 
2π
4) under the assumption that the nucleus with mass A and charge Z is split in two clusters with masses A 1 and A 2 , charges Z 1 and Z 2 and neutron numbers N 1 and N 2 . The distance S 0 is the equilibrium separation that may be simply calculated as the sum of the radii of the two clusters (we have taken S 0 = 3.63 fm). We find that the low-lying dipole strength exhausts approximatively the 2.6% of the Thomas-Reiche-Kuhn sum rule, but it amounts to about 94% of the energy weighted molecular dipole sum rule. Similarly the quadrupole strength is the 9.2% of the energy weighted quadrupole sum rule and about 42% of the EWMSR. For a proper comparison with the sum rule, we have included in the calculation of the exhausted fraction of sum rules, besides the transition to the continuum and the quadrupole transition to the first excited state, all the possible transitions to lower unphysical bound states (1s 1/2 , 2s 1/2 , 1d 5/2 , 1d 3/2 for dipole and 1p 3/2 , 1p 1/2 for quadrupole). Note that the dipole transitions to unphysical states give a negative contribution of about 50 % to the total energy weighted strength.
Formalism and Form Factors
We move now from the pure electromagnetic response to the study of the breakup reaction in which the dicluster 7 Li nucleus is used as a projectile on a heavy target.
The coordinate system for the interaction between a dicluster nucleus and a target is depicted in fig. 2 . The factors f 1 and f 2 are the ratios of the distances of the center of mass of each cluster from the common center of mass divided by the inter-cluster distance r. We have named the two clusters as 'core' and 'cluster' to avoid confusions even if the alpha particle has not a mass large enough to justify the choice with respect to the triton.
Within the cluster model, the wave function for 7 Li is the product of the wave functions of the two alpha and triton clusters (assumed to be frozen during the transition) and of the wave function describing the relative clustercluster motion. Assuming a value L for the relative angular momentum, and taking into account the intrinsic j=0 and j=1/2 spins for the alpha and the triton, the generic state with total spin J can be expressed as | L, J, M . For states in the continuum, states are also characterized by the value E C of the energy in the continuum, namely | L, J, M ; E C . The formfactor associated with a process in which the relative cluster-cluster motion undergoes a transition to the continuum is given by
in terms of the relative projectile-target coordinate R. The relevant interaction is assumed as the sum of the interactions of the target, labeled with T , with each cluster,
where each interaction consists in a nuclear and a Coulomb part, the former being assumed to be of a Woods-Saxon form. Since the clusters are frozen during the transition the integration over the internal degrees of freedom is straightforward and one is left with an integration over the cluster-cluster coordinate r in the form
where λ, µ are the change in orbital angular momentum and its third component due to the transition and u is the cosine of the angle between the two vectors R and r. As in the previous section,ĵ = (2j + 1) 1/2 . The resulting Coulomb and nuclear form factors for the 7 Li + 165 Ho reaction are plotted in fig. (3) for a dipole transition between the p 3/2 ground state and the s 1/2 state at E C = 1 MeV in the continuum. It is evident that the nuclear field dominates at smaller distances, while the Coulomb one dominates at larger distances. This is once again displayed in the next three figures where three different distances have been kept constant and the Q-value dependence upon E C is illustrated. The nuclear contribution is still very important at a distance of 12 − 14 fm that is far beyond the geometrical sum of the radii of the two systems. This effect may even be magnified in halo systems closer to the drip lines, where the weakly-bound wavefunctions are even more extended. Figures of qualitatively similar behaviour are obtained for all the other possible transitions.
To better understand the relative role of dipole and quadrupole interactions, we show separately in fig. 4 the form factors for selected dipole and quadrupole transitions. Together with the total form factor, we report the contribution arising from the interaction between each of the two clusters and the target separately. In the case of a dipole transition a cancellation occurs between the two contributions, while for the quadrupole case the two clusters contribute constructively to the excitation. The effect is here amplified by the fact that the two clusters have similar sizes. In the limit of two equal clusters, the nuclear contribution to dipole transitions would exactly vanish. Similarly, no Coulomb dipole transitions are allowed if the two clusters have equal mass to charge ratios.
Cross section
The formfactors obtained in the last section contain all the relevant elements to build up breakup cross-sections and Q-value distributions in a simple, although accurate procedure. The reaction amplitudes can be calculated in a semiclassical coupled-channel approach. The energy in the continuum is divided in a suitable number of intervals, treated as different channels. For each energy interval (and each spin), the formfactor connecting with the ground state is obtained (assuming the central value of the energy interval) as described in the previous section. To keep simple the calculations continuum-continuum couplings have not been included, although in some cases they were found to play a relevant role (see for example ref. [25] ). We follow in time the solutions of the system of coupled equations for the amplitudes in the different channels, along a trajectory that is calculated semiclassically using a standard AkyuzWinther parameterization [26] for the target-projectile potential. The values of the amplitudes at the end of the scattering process are then used to calculate cross sections for the excitation of a given channel and differential cross sections as a function of the energy in the continuum. The simplicity of the scheme allows us to use a rather small energy mesh, without any convergence problem as the mesh is reduced. This is particularly important when one has to deal with a continuum that includes, as in our case, narrow resonances. Details on the formalism may be found in Ref. [2] . The resulting cross sections are collected in Fig. 5 . The Q-value distribution obtained for Coulomb breakup is displayed in left-upper panel (the contributions of the dipole and quadrupole transitions are separately shown, together with their sum). It is worthwhile noticing that the two low-lying peaks arise from different mechanisms: the peak at around 0.5 MeV is mostly build up with transition to the continuum which are enhanced due to the weak-binding nature of the projectile, while the peak at 2.186 MeV has a true resonant nature (7/2 − ). In the case of quadrupole transition the non-resonant strength can be less easily seen just above the threshold, since the different radial dependence of the formfactor makes its relative magnitude small compared to the dipole one, in spite of a larger value of the B(Eλ)'s distribution. Differential cross sections with respect to impact parameter are also shown in the right column of fig. 5 . At low impact parameters the excitation process is strongly quenched by the transmission factor. For large values one can see the different behaviour of the two tails: the quadrupole contribution decays faster than the dipole. Consequently at large impact parameters, that, in a classical picture, correspond to forward angles, the Coulomb breakup cross sections are mostly due to dipole transitions to the continuum. The total Coulomb cross section (resonant and non-resonant) at E cm = 40 MeV amount to ∼ 4.85 mb, with comparable dipole and quadrupole contributions (∼ 3.0 mb for the dipole and ∼ 1.85 mb for the quadrupole).
To evaluate the effect of the nuclear interaction we need to specify the precise set of optical parameters between each of the two clusters and the target nucleus. We have looked up for optical parameters in the standard tables [27, 28] , where data sets for elastic scattering on holmium are missing, and, in absence of any alternative, we have used parameters extracted for cerium, which is the closest isotope. We used only the real part of the potentials in the construction of the form factors. Of course we do not expect these parameters to represent a strictly valid quantitative choice, but we have used them in order to give estimates of the nuclear and total breakup cross sections that are reported in the following. The nuclear breakup has a Q-value distribution (depicted in fig. 5 , second row of the left column) with an overall profile that resembles the Coulomb one, being the total integrated cross-section about ∼ 24.1 mb. At a variance with previous findings the dipole contribution to this cross-section (∼ 1.3 mb) is now much smaller that the quadrupole one (∼ 22.8) mb. This is again originated by the comparable size of the clusters, that hinders dipole components, while the pre- dominant nuclear quadrupole term is not quenched by the faster radial dependence of the formfactor as in the case of the Coulomb term. In this case, therefore, both resonant and non-resonant peaks are of predominant quadrupole nature.
The final Q-value distribution and the corresponding curve as a function of the impact parameter, which both take into account the interference between the two fields, are depicted in the last row of fig. 5 . The total cross sections amounts to about ∼ 29.0 mb. The dipole transition contributes for ∼ 6.9 mb, while the quadrupole is about ∼ 22.1 mb. It should be noticed that, while the Coulomb contribution is rather insensitive to the absorption radius, a significant change in the nuclear cross-section (and therefore in the total) may occur as long as the radius of the nuclear interaction is varied, as as one can easily infer, for example, from the last panel. For a discussion on the subject, see for example ref. [2] .
In order to test our model and to compare with other available models we have performed calculations of breakup cross sections for 7 Li on 208 Pb at 48 MeV bombarding energy. Our calculations may be directly confronted with the work of Kelly and collaborators [8] , that are essentially based on the same physical ingredients. We report both theirs and our results in Table II . Standing the differences in the values of the couplings (we extracted 208 Pb-α and 208 Pb-t optical parameters from the work of Gupta et al. [29] ) and in the treatment of the continuum (we take into account continuum energy up to 10 MeV), the agreement among the various contributions to the cross sections from λ = 0, 1 and 3 states is satisfactory, although some discrepancy is seen in the λ = 3 continuum. In addition we provide calculations for the contribution arising from d states, that is found to be a very important component of the total cross section. This is at variance with respect to the cited analysis by Kelly et al., where the quadrupole component is considered to be negligible. The numerical results in Table II have been obtained considering dipole  and quadrupole transitions only, but we have checked that octupole transitions to d states and hexadecupole transitions to f states may be neglected (being around 10 −3 mb and 0.9 mb respectively).
Conclusions
We have illustrated a general model to describe excitations to continuum states in weakly-bound dicluster nuclei, leading to cluster dissociation. In the model the internal degrees of freedom of the clusters are kept frozen in the excitations, which are therefore entirely ascribed to the relative cluster-cluster motion. Both resonant and non-resonant continuum states are simultaneously properly included. In the case of weakly-bound nuclei the nonresonant part shows the presence of multipole strength at the threshold that is a typical feature for single-particle excitations in one-particle halo nuclei.
Paralleling the formalism previously developed for the break-up of one-particle halo nuclei, formfactors for transitions to cluster continuum states are constructed and cross sections for cluster break-up reactions are calculated in a semiclassical coupled channel description. The interplay of dissociation via resonant states or via non-resonant continuum is discussed. The formfactors are studied in detail: we illustrate their behaviour as a function of the relative distance of the two colliding nuclei, as a function of the energy of the continuum states and we discuss the effects of cancellation and reinforcement, for dipole and quadrupole transitions respectively, that is a consequence of the relative masses and charges of the two clusters.
Q-value distributions and differential break-up crosssections with respect to impact parameters, as well as the total break-up cross-sections, are evaluated for the reaction 7 Li+ 165 Ho, taking into account both nuclear and Coulomb contributions, although restricted to dicluster nuclei. This simple approach to the break-up problem avoids possible problems arising from a crude energy binning of the continuum. Our results show that, in the case of a system described in terms of two clusters of similar size and charge (as it is the case of 7 Li), the main contribution to break-up processes come from the nuclear quadrupole mechanism.
